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a b s t r a c t
Brazilian redspotted shrimp (Farfantepenaeus paulensis) waste is an important source of carotenoids such
as astaxanthin and lipids with a high −3 fatty acids content, mainly docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA). In order to establish an efﬁcient and environmental friendly recovery pro-
cess, the lipids and astaxanthinwere extracted from the freeze-dried redspotted shrimpwaste (including
head, tail and shell) using supercritical carbon dioxide. The effects of the extraction conditions of pres-
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sure (200–400bar) and temperature (40–60 C) on the global yield (X0), astaxanthin extraction yield and
astaxanthin concentration in the extract were evaluated. It was found that the pressure and temperature
showed a very low signiﬁcant effect on the lipid extraction yield using supercritical CO2. In comparison
with lipid extraction by solvents, maximum efﬁciency of supercritical ﬂuid extraction achieved 64% of
hexane extraction yield. On the other hand, temperature and pressure had signiﬁcant effects on astax-
anthin extraction yield. Thegreatest amount of extract was obtained at 43 ◦C and 370bar, with 39% of
recovery.. Introduction
During shrimp processing, non-edible parts, such as the head,
ail and shell, are removed. These residues represent approximately
0–50% of the raw material weight, depending on the species, size
nd shelling procedure [1,2]. For these reasons, one of the concerns
f the ﬁshing industry is focused on an adequate destiny and/or
se for these residues, in order to reduce or avoid the environ-
ental aggressions. Shrimp waste constitutes proteins, calcium,
igments and lipids, containing a high concentration of polyunsat-
rated fatty acids, thus there is considerable interest in developing
uitable alternatives, aimed at development producing products
f high aggregated value [3–5]. Several studies were conducted
egarding potential uses of these residues, such as recovery of the
arotene-protein fraction by enzymatic means [4,6], asses of the
utritional value with a view to their use in ﬁsh food [5,7], elab-
ration of ﬂavors [8] and chitin extraction [9–11]. One possible
lternativewith important application due to the demand for these
roducts would be the extraction of lipids and carotenoids for use
n food, pharmaceutical and animal feed industries [12].
Astaxanthin (3,3′-dihydroxy-,-carotene-4,4′-dione) (ASX) is
he most abundant pigment found in this crustacean although it
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can also be found in micro-algae, yeasts and in the feathers of some
birds [13–15]. Astaxanthin chemical structure is shown in Fig. 1
Astaxanthin is important in the formulation of functional foods
and feeds for crustaceans and salmonids andalso inpharmaceutical
and cosmetic industries [14–16]. The potential effects of astaxan-
thin on human health, include anti-inﬂammatory properties and
effects in cancer and diabetes, which have been associated to its
antioxidant activity, since, according to Miki [17], astaxanthin pos-
sesses 10 times more antioxidant capacity than other carotenoids
such as zeaxanthin, lutein, cantaxanthin and -carotene [14].
Some works [1,3,18] have shown that the lipids from differ-
ent types of shrimp residue contain a high polyunsaturated fatty
acid content, including the −3. The beneﬁcial effects of the −3
fatty acids can be enumerated as: (1) reduction of triglycerides in
the blood serum, (2) decrease in blood viscosity, (3) decrease in
bloodpressure, (4) reduction in atherosclerosis, (5) reduction of the
inﬂammation in arthrosis, psoriasis and asthma and (6) decrease in
the incidence of tumors [19,20].
The most used method to extract the lipids and carotenoids
fromcrustaceans is bymeans of non-polar solvents [19,21–23]. The
selection of the solvent is very important in order to obtain extracts
Open access under the Elsevier OA license. of good quality. In addition, solvent must be non-inﬂammable,
non-toxic and non-volatile. Some solvents, such as the chlorinated
ones present a high extraction yield, but they are toxic and poten-
tially carcinogenic [24,25]. Other solvents such as n-hexane and
n-heptane show low extraction yields, although the rest of their
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Nomenclature
ASX astaxanthin
DHA docosahexaenoic acid
d.w.b. dry weight base
EPA eicosapentaenoic acid
GRAS generally recognized as safe
IPA isopropyl alcohol
Rf retention factor
scCO2 supercritical carbon dioxide
TLC thin layer chromatography
v/v volume to volume
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X0 global yield extraction
haracteristics are favorable make them the most employed for
arotenoids extractionat industrial scale,with the same technology
sed for oil extraction. The considerable concern with environ-
ent pollution and the low extraction yields obtained with these
olvents (almost 50% of the carotenoids are lost) has focused the
tudies on ﬁnding alternative extraction methods [24]. The extrac-
ion with supercritical carbon dioxide (scCO2) has become an
mportant separation technique in the area of nutraceutical sup-
lements and functional foods [26,27]. The growing nutraceutical
arket provides the opportunity to enhance the proﬁt margins
hrough direct added value to byproducts that are typically dis-
arded as waste. Supercritical ﬂuid extraction (SFE) technology is
promising alternative to the traditional processing methods. This
xtraction technique is especially indicated when thermo-labile
ompounds are present, in addition to avoiding the use of toxic sol-
ents, since CO2 is a GRAS solvent type, cheap and easy to separate
rom the extract [19,25,26]. The major advantage of supercriti-
al ﬂuid extraction over the conventional extraction, is that this
echnique does not require subsequent processing steps to sep-
rate the solvent, since CO2 is a gas at normal temperature and
ressure. The conventional extraction processes produce extracts
ery dilute, and it containing materials that are strongly suscep-
ible to oxidation. So the subsequent steps of separation of these
olvents can promote the degradation of the compounds of inter-
st. Some authors have used supercritical extraction successfully
n the extraction of lipids and carotenoids from vegetable origin
28–30] and animal origin [31–34] matrixes. However, few arti-
les have described the extraction of lipids and astaxanthin from
rustaceans or their components with supercritical carbon diox-
de [35–38], and the inﬂuences of temperature and pressure on the
xtraction yields have been vaguely studied.
The pink shrimp (Farfantepenaeus paulensis) is one of the most
mportant commercial species found along the Brazilian coast, and
ts capture extends from the city of Santos in the state of São Paulo
o the city of Torres in the state of Rio Grande do Sul (Brazil) [39].
n average its residue contains about 5% (d.w.b) of lipids, includ-
ng the−3 fatty acids eicosapentanoic (EPA) and docosahexanoic
Fig. 1. Chemical structu
ource: [14].critical Fluids 56 (2011) 164–173 165
(DHA) acids, which constitute approximately 24% of the total fatty
acid content [40]. The residue also presents a carotenoid content
reported as astaxanthin at approximately 5mg astaxanthin/100g
dry residue, which is considered as a good source of such compo-
nents [40]. Thus, the objective of the present study was to evaluate
the recovery of lipids and astaxanthin from freeze-dried redspot-
ted shrimp residues, using a ﬁxed bed extractor and supercritical
carbon (scCO2) as the solvent. The inﬂuence of the pressure and
temperature on the global extract yield, astaxanthin extraction
yield, the concentration of astaxanthin in the extract and the fatty
acid proﬁle in the oil extractedwere also evaluated. In addition, the
carotenoids present were identiﬁed by thin layer chromatography
(TLC).
2. Materials and methods
2.1. Raw material and chemicals
A sample of about 1.8 kg of redspotted shrimpwaste (head, shell
and tail) was produced from 4.5 kg of fresh redspotted shrimp (F.
paulensis), size11/15 (11–15unitsperpound), captured inCananéia
city, São Paulo (Brazil), and acquired on the local market in Camp-
inas (Brazil) in September 2008.
The carbon dioxide (99%) used in supercritical ﬂuid extractions
and the commercial nitrogen were purchased from White Martins
Brazil (Praxair Inc., Campinas, SP, Brazil). The astaxanthin stan-
dard was purchased from Sigma–Aldrich Co. (≥92%, A9335) and
the butylated hydroxytoluene (BHT) from Labsynth Ltd. (Diadema,
SP, Brazil). All the solvents used were of analytical-grade and pur-
chased from LabSynth Ltd.
2.2. Pre-treatment of the shrimp residue
The shrimps were shelled manually and the residue separated,
frozen at −80 ◦C and freeze-dried (Liobrasmodel L101 freeze dryer,
São Carlos, Brazil). The freeze-dried residue (approx. 400g) was
subsequently ground in an electric knife mill (Marconi model MA-
340, Piracicaba, Brazil) and then separated according toparticle size
using vibrating sieves (Bertel, São Paulo, Brazil), from 24 to 400
mesh (1.00mm< id<0.038mm) of the standard Tyler series. The
masses retained by each sieve were weighed on a semi-analytical
balance (Marte model AS 5500, São Paulo, Brazil). After weighing,
the freeze-dried residuewashomogenized andapproximately 7.0 g
aliquots ﬁlled into 50mL amber ﬂasks, sealed hermetically to avoid
the entrance of moisture and oxidation of the components by the
light, and stored in a domestic freezer at −20 ◦C (Cônsulmodel 220,
São Paulo, Brazil).2.3. Characterization of the shrimp waste
The ground dried residue presented a mean diameter dmg of
0.331mm, calculate by the ASAE S319.3 method [41] as from Eq.
re of astaxanthin.
1 Super
(
d
w
(
s
a
w
(
t
d
a
e
d
s
a
c
l
(
o
2
t
2
o
o
T
w
S
r
L
b
m
1
w
a
ε
c
ε
2
w
e
w
e
b
a
F
a
w
d
p
(
(
w
o
l
w
r
o
t
w66 A.P. Sánchez-Camargo et al. / J. of
1):
mg = log−1
[∑n
i=1(wi log di)∑n
i=1(wi)
]
x (1)
here di = (di × di+1)0.5; di is the nominal mesh of the ith sieve
mm); di+1 is the nominal mesh of the next larger sieve after the ith
ieve (mm) and wi is the mass of material retained by the ith sieve.
The moisture content was found to be 5.5±0.1% by weight
ccording to the AOAC 950.46 method [42]. The lipid content
as determined by Soxhlet’s extraction using petroleum ether
AOAC 991.36) [42] at 60 ◦C for 8h, followed by removal of
he solvent under vacuum at 40 ◦C. A value of 4.83±0.06%
.w.b. was obtained. The fatty acid composition was determined
ccording to the methodology described by Follegatti-Romero
t al. [43]. The fatty acid compositions of the extracts were
etermined by gas chromatography using a GC Agilent 6850
eries GC system (Agilent Technologies, Wilmington, USA) with
DB-23 Agilent (50% cyanopropyl)-methylpolysiloxane capillary
olumn (60m×0.25mm×0.25m; Serial no. US2201526H, Agi-
ent Technologies, Wilmington, USA). The carrier gas was helium
1.0mL/min, White Martins, Campinas, Brazil), using a split ratio
f 1:50. The detector and injector temperatures were, respectively,
80 and 250 ◦C. The column was maintained at 110 ◦C for 5min,
hen raised from110 to215 ◦Cat 5 ◦C/min, andﬁnallymaintainedat
15 ◦C for 24min. One microliter of the methyl esters was injected
nto the column, and the fatty acids identiﬁed by a comparison
f the retention times with those of the methyl ester standards.
he analyseswere carried out using a gas chromatograph equipped
ith a ﬂame ionization detector (FID) and a column packed with
ilar 10C. The fatty acids were identiﬁed by comparison of their
etention times with those of standards (Sigma Chemical Co., St
ouis, MO) and their contents calculated on a weight percentage
asis. On the other hand, the true particle density dp was deter-
ined in heliumgas using a pycnometer, obtaining amean value of
.58±0.03g/cm3. The apparent density da (0.5167±0.004g/cm3)
as calculated from the total volume of the extraction cell (50mL)
nd the totalmass of shrimp residue required ﬁlling it. The porosity
of 0.673 for the bed of redspotted shrimp residues was cal-
ulated from the values for the true and apparent densities, as
=1− (da/dp).
.4. Supercritical ﬂuid extraction
The experimental apparatuswhere the supercritical extractions
ere carried out was the same as that described in detail by Silva
t al. [30]. The extractor (with a capacity of 50mL) was ﬁlled
ith approximately 7.00±0.02g of the freeze-driedwaste for each
xtraction procedure and the void volume completed with glass
eads (3mm in diameter). A static period of 20min was used to
llow contact between the sample and the supercritical solvent.
or extraction, scCO2 was continuously drained through the bed
nd the extract collected in a previously weighed collection bottle,
hich was wrapped in aluminum foil and kept refrigerated (5 ◦C)
uring and after extraction to avoid oxidation of the extract com-
onents The CO2 mass ﬂow ratewasmaintained at 4.17×10−5 kg/s
1.5 L/min) and the amount of scCO2 maintained constant at 300 L
0.500kg approximately) for all the experiments. The temperature
as controlled using a thermostatic water bath with an accuracy
f ±0.1 ◦C, and the time of extraction was 200min. After each col-
ection, the pipe used to remove the extract (after the extractor)
as washed with n-hexane (98.5%) using of a peristaltic pump, to
ecover the extract retained in thepipe. The solventwas evaporated
ff in a rotary evaporator at 40 ◦C with a pressure of −0.71bar, and
he extraction yield determined using Eq. (2). Finally, the extract
as dried under vacuumwith a steady streamof commercial nitro-critical Fluids 56 (2011) 164–173
gen in order to generate an inert atmosphere. The collection bottle
was dried to constant weight and then stored in the dark at −10 ◦C.
An aliquot of the lipid extract was used to determine the total
carotenoids content and carry out the TLC analysis.
Global extraction yield (X0%) = mass of extract + cleaning processmass of shrimp waste dry basis × 100
(2)
The astaxanthin extraction yield was deﬁned as the mass of
astaxanthin in the extract divided by the mass of the dry sample
(mg ASX/g dry waste), and the astaxanthin content in the extract
was expressed as the mass of astaxanthin in the extract divided by
the mass of the total extract (mg ASX/g extract).
2.5. Experimental design and statistical analysis
The effects of temperature (40–60 ◦C) and pressure
(200–400bar) on the global extraction yield (X0%), the astax-
anthin extraction yield (g ASX/g shrimp waste dry weight) and
the astaxanthin concentration in the extract (g ASX/g extract)
obtained using scCO2 from shrimpwaste,were investigated using a
22 Central Composite Rotary Design (CCRD), with four axial points
and three central points. Table 1 shows the levels of the variables
in coded and real units. The experimental design and data analysis
were carried out using response surface methodology with the
software STATISTICA® 8.0 (StatSoft, Inc., Tulsa, OK 74104, USA).
The effects of the independent variables on the response variables
in the extraction process were evaluated using the pure error,
considering a level of conﬁdence of 95% for all the variables. Using
this methodology, 2nd order polynomial models were obtained
for all the responses, and was considered the percent variation
explained by the correlation coefﬁcient (R2) and the F test from
the analysis of variance (ANOVA) as the signiﬁcance criteria. The
response surfaces and contour curves of the respective mathe-
matical models (Eq. (4)) were also obtained, and the signiﬁcances
were accepted at p≤0.05.
Y = b0 + b1X1 + b2X2 + b12X1X2 + b11X21 + b22X22 (4)
where Y is the response, b0 is the constant coefﬁcient, bi, bj are
the linear coefﬁcients, bii, bjj are the quadratic coefﬁcients, bij is
the linear-by-linear interaction coefﬁcient, and Xi, Xj are the coded
values of the independent variables.
2.6. Solvent extractions of lipids
Solvent extraction was carried out following method proposed
by Lèttise et al. [34]. This methodology uses 30mL of n-hexane to
extract the non-polar compounds from 2g of dried shrimp waste
at room temperature (20 ◦C), applying magnetic agitation for 24h.
After evaporating off the solvent, the ﬁnal lipid obtained was quan-
tiﬁed gravimetrically in triplicate and stored at −10 ◦C. In parallel,
the shrimp waste was also solvent extracted using the Bligh and
Dyer method [44] modiﬁed by Manirakiza [45]. For both meth-
ods, the extraction yield was calculated as shown in Eq. (2) and
accomplished in triplicate.
2.7. Solvent extraction of carotenoids from the waste
The optimized method reported by Sachindra et al. [23] was
used. The procedure included mixing 5g of the sample with 25mL
of a mixture of a 60% (v/v) n-hexane:isopropyl alcohol (IPA) mak-
ing a total of 3 extractions. After evaporating off the solvent, the
dry extract was diluted in a known volume of hexane and the
absorbance measured at a wavelength of 472nm and quantiﬁed
using the calibration curve described in the following section,
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Table 1
Central composite experimental design for global yield of scCO2 extraction of lipids and astaxanthin, conditions and results.
Run T (◦C) P (bar) CO2 (kg/m3)a Global yield (%) dry wt. Astaxanthin yield (g
ASX/g waste d.w.b.)
Astaxanthin concentration
(g ASX/g extract)
X1 X2 (Y1) (Y2) (Y3)
1 43 (−1) 230 (−1) 851.4 1.91 12.4 648
2 43 (−1) 370 (+1) 933.4 1.93 20.7 1074
3 57 (+1) 230 (−1) 781.0 1.74 5.9 341
4 57 (+1) 370 (+1) 884.9 2.01 18.0 897
5 40 (−1.41) 300 (0) 910.1 1.97 19.6 995
6 60 (+1.41) 300 (0) 829.8 2.01 16.5 822
7 50 (0) 200 (−1.41) 785.0 1.92 6.9 358
8 50 (0) 400 (+1.41) 923.2 1.74 17.7 1013
9 50 (0) 300 (0) 870.6 2.26 19.4 859
10 50 (0) 300 (0) 870.6 2.15 18.9 879
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a Angus et al. [50].
hich is represented by Eq. (3). All these procedures were carried
ut in the cold (10 ◦C) in triplicate, under bright yellow light.
.8. Quantiﬁcation of carotenoids
Thedetermination of the carotenoids in the extracts, reported as
staxanthin, was carried out after calculating the global extraction
ield, where the extract is solvent-free. A standard curve of astax-
nthin was prepared following the modiﬁed method described by
olasa et al. [46]. The dry extract was diluted in a known amount of
-hexane (98.5%) and the amount of astaxanthin was quantiﬁed by
bsorbance measure at 472nm (maximum absorbance observed)
n an spectrophotometer (Perkin Elmer Instruments, Lamda 40
V/VIS Spectrophotometer,USA). Themeasurementsweremade in
he range from 0.1 to 0.9 absorbance units (AU), using n-hexane as
he blank for calibration. Eq. (2) shows the standard curve obtained
or astaxanthin.
Astaxanthin (mg/mL) = 4.595 × AU472nm (3)
.9. Identiﬁcation of astaxanthin and other carotenoids by thin
ayer chromatography (TLC)
The carotenoids dissolved in n-hexane and extracted according
o item 2.4 and 2.7, were submitted to thin layer chromatography
TLC) using activated 20 cm×20 cm silica gel plates (ALUGRAM®
IL G/UV254, 0.2mm, Batch 804,095, Macherey-Nagel, Germany)
ollowing the modiﬁed procedure described by the Cyanotech Cor-
oration [47]. The concentrated extract was applied (40–50L)
o the plates and eluted using a mobile phase of acetone/hexane
25:75, v/v).
. Results and discussion
.1. Solvent extraction of the lipids
The lipid extraction method reported by Manirakiza et al. [45],
chieving an extraction yield of 4.9%±0.1 from the dried material.
his methodology allows the extraction of all the lipids, includ-
ng polar lipids, phospholipids and probably the lipids bounded to
ther components of the cellmembranes. The yield is high but such
xtracts cannot be applied in food supplementation because of the
oxicity of the solvents used. Hexane extraction was also carried
ut on the redspotted shrimp waste, giving an extraction yield of
.3%±0.1 d.w.b. Hexane extraction favors the extraction of non-
olar compounds,whichmay explainwhy the yieldwas lower than
he obtained using the Bligh and Dyer method. However, hexane
xtraction is commonly used in the food industry since hexane is19.3 867
19.2±0.3 868±10
the only organic solvent allowed in the extraction or transforma-
tion of oil. Moreover, due to its non-polar characteristics, hexane
extraction can be compared with CO2 extraction.
3.2. Solvent extraction of astaxanthin
The total carotenoids (as astaxanthin) were extracted using a
mixture of 60% (v/v) n-hexane:IPA, in order to determine the maxi-
mumextractable amount andcompare itwith the scCO2 extraction.
The average astaxanthin content extracted from shrimp waste was
53±2g/g waste dry wt., and the concentration in the extract was
1.08±0.04mg of astaxanthin per gram of extract. Ogawa et al.
[12] reported that the total carotenoid content in the heads of
Brazilian shrimp (Litopenaeus vannamei) was 47.1g/g waste dry
wt. In the waste from the shrimp Penaeus indicus, the astaxan-
thin content was 40.6g/g waste dry wt., when extracted with
acetone, and 43.9g/g waste dry wt. when extracted with a mix-
ture of IPA:hexane (50:50) [23]. Holanda and Neto [4] reported
an extraction yield of astaxanthin from Brazilian shrimp (Xiphope-
naeus kroyeri) of 50.3g/gwaste drywt. These values are similar to
that found in the present work for redspotted shrimp (F. paulensis).
3.3. Supercritical ﬂuid extraction
3.3.1. Overall extraction curves
Fig. 2 shows some extraction curves represented in terms of
mass of extract versusmass of CO2, as a function of the temperature
and pressure.
It can be seen from the curves in Fig. 2 that the total mass
extracted is little dependent on the operational conditions of tem-
perature and pressure, indicating that the global extraction yield is
barely inﬂuenced by the temperature and pressure. They also show
that more than 90% of the mass extracted was obtained with just
30% of the amount of scCO2 employed in the extraction (or 30% of
the total extraction time), and that the greatest differences in the
extraction curves were observed when the pressure was varied at
a constant temperature of 50 ◦C in the initial stage (Fig. 2(a)). At
the start of extraction, the most accessible solutes for extraction
are located at the surface of the particles of solid matrix, where
solubility is one of the most important variables for the extraction
rate. An increase in pressure at a constant temperature of 50 ◦C
promotes an increase in solubility of the solutes, and consequently
an increase in the extraction rate. On the other hand, for extrac-
tions made at a constant pressure of 300bar (Fig. 2(b)), a variation
in temperature had little inﬂuence on the extraction curve, even
in the initial stage. In this case, the pressure at 300bar is close to
350bar, that is approximately the crossover pressure of the solubil-
ity curves of oils and fats in scCO2 normally found in the literature
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43,48,49]. Below the crossover pressure, an increase in temper-
ture at constant pressure decreases the solubility of the solutes,
hereas above the crossover pressure, an increase in temperature
t constant pressure increases the solubility of the solutes, and
t the crossover pressure there is no variation in solubility with
emperature.
.3.2. Effects of temperature and pressure on the lipid (global
ield) and astaxanthin yields during scCO2 extraction
Table 1 shows the results for the response variables studied in
he supercritical extraction of Brazilian redspotted shrimp waste
F. paulensis). In the present study, response surface methodology
RSM) was able to provide information about the importance and
tatistical signiﬁcance of individual factors, and was therefore used
o determine the effects of temperature and pressure on the global
xtraction yield, astaxanthin extraction yield and astaxanthin con-
entration in the extract.
The F-test for the regression of the three responses showed that
he regression was very highly signiﬁcant and valid to describe
he experimental data. The coefﬁcient of determination (R2) of the
odel for the global extraction yield was 0.78, and for both mod-
ls the astaxanthin extraction yield and astaxanthin concentration
n the extract were 0.97. However, the F-test for the lack of ﬁt
howed that these models were not predictive and thus response
urfaces could only be generated with the qualitative and eval-
ative effects. It can be seen that the values for the ratio of the
um of squares for the pure error to the total sum of squarescritical Fluids 56 (2011) 164–173
were small (from 10−3 to 10−5), indicating that the independent
variables studied were under control during the experiments, and
that the percentage that the model was not able to explain was
not due to operational errors but to a lack of ﬁt of the models
obtained.
The results showed that theglobal extractionyields (lipidyields)
were similar for the different conditions studied, varying from 1.7%
to 2.2%. Yamaguchi et al. [36], studying the supercritical extrac-
tion of oil from freeze-dried Antarctic krill (Euphausia superba),
found that by increasing temperature from 40 to 60 and to 80 ◦C
maintaining the pressure ﬁxed (245bar), and by increasing of the
pressure from 245 to 392bar at a ﬁxed temperature of 40 ◦C, the
oil extraction yield remained almost constant. Hardardottir and
Kinsella [31] reported similar observations for the extraction of
lipid and cholesterol from rainbow trout. In the present study,
the results showed that the maximum lipid extraction yield with
scCO2 represented an extraction recovery of 64% when compared
to the 3.3% yield in oil obtained by extraction with hexane. In gen-
eral the values for lipid recovery efﬁciency from marine sources
using scCO2 reported in the literature are low. Létisse et al. [34]
reported a maximum recovery of 50% for the extraction of lipids
from sardine heads with scCO2 at 300bar and 75 ◦C. Yamaguchi
et al. [36] reported a 57% recovery of lipids from krill at 245bar and
60 ◦C.
It can be seen that the supercritical extraction had a maxi-
mum value at the central point of 300bar and 50 ◦C, although the
response surface showed higher values of 1.9% dry wt. throughout
almost the entire surface. The only signiﬁcant effects in the global
yieldextraction (%)were temperature (T2) (p=0.0364)andpressure
(P2) (p=0.0145). The p-values for these data indicated that these
effects were not very signiﬁcant (close to the signiﬁcance value of
0.05), being more evident in the case of temperature. Some other
research results agreed with the present results. Charest et al. [35]
performed a preliminary screening of the variables that inﬂuenced
the extraction of oil and astaxanthin from red crayﬁsh waste (Pro-
cambarus clarkii), and found that the pressure and temperature did
not have a very signiﬁcant effect on the lipid extraction yield with
supercritical CO2.
When the supercritical extraction of lipids from marine sources
and vegetable sources are compared, a very different behavior can
be observed, since the recovery of lipids from vegetable sources
is much higher than marine sources. Follegatti-Romero et al. [43]
reported values of 92% for the recovery of lipids from Sacha inchi
seeds with scCO2 at 60 ◦C and 400bar. Gomez et al. [51] reported
the same percentage for the recovery of lipids from grape seeds at
350bar and 40 ◦C, andWesterman et al. [52] reported values of 98%
for the recovery of oil from amaranth seeds at 300bar and 50 ◦C.
With respect to the extraction yield of astaxanthin, the two fac-
tors studied showed signiﬁcant effects at the 0.05 level. Fig. 3 shows
the response surface for the extraction yields of astaxanthin as a
function of temperature and pressure.
It can be seen that the temperature had a negative effect at low
pressures, since an increase in this variable caused a decrease in
the amount of astaxanthin extracted. In contrast, at high pressures,
the temperature had little effect on the yield. Fig. 3 shows that the
highest extraction yields (>20g ASX/g (d.w.b.)) were obtained in
the range from 40 to 50 ◦C and 300 to 370bar.
The maximum extraction yield for astaxanthin (20.7g ASX/g
waste, d.w.b.) was obtained experimentally at 370bar and 43 ◦C,
with a recovery of 39%. Under these extraction conditions, the con-
centration of astaxanthin in the extract was 1074g ASX/g extract,
a value very similar to that obtained in the extraction with organic
solvents (Section2.7), indicating that exists a great advantage in the
use of supercritical solvents in the recovery of such nutraceutical
compounds. Fig. 4 represents the surface response for the concen-
tration of astaxanthin (gASX/g extract) in the extract as a function
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Table 2 shows the fatty acid composition of the lipids in the dif-ig. 3. (a) Response surfaces and (b) contour curves for the extraction yield of astax-
nthin (g astaxanthin/g residue (d.w.b.)) as a function of extraction pressure (bar)
nd temperature.
f the extraction pressure and temperature, showing that the high-
st concentrationswere found in theextractsobtainedat the lowest
emperatures and highest pressures.
The smallest astaxanthin contents were found in the super-
ritical extracts obtained at low pressures and high temperatures.
amaguchi et al. [36] obtained a decrease in the astaxanthin con-
entration in supercritical extracts from krill with increase in
emperature at a constant pressure of 245bar. Thus at 40, 50
nd 60 ◦C, they obtained concentrations of 435–504, 191–243 and
0–87g ASX/g of extract, respectively. Tanaka and Ohkubo [32]
bserved the same tendency in supercritical extracts from salmon
oe.
Young et al. [53] showed that increase in the pressure and
emperature extraction, resulted in an increase in solubility of
staxanthin. However, the solubility of this carotenoid was also
ound to be strongly dependent on the CO2 density, since greater
olubilitywas obtainedwith increasing solvent density, thus avoid-
ng the use of higher temperatures to obtain greater solubility with
he additional advantage of limiting heat degradation. This afﬁrma-
ion agrees with the results obtained in the present study, since, as
an be seen in Table 1, the greatest amounts of carotenoids were
xtracted when the solvent presented its highest density, predom-
nating lower temperatures. Similar results were found by Mendes
t al. [29] and Lim et al. [54] in the extraction of lipids and astax-
nthin from the micro-alga Chlorella vulgaris and red yeast Phafﬁa
hodozyma, respectively.Fig. 4. (a) Response surface and (b) contour curves for the concentration of astax-
anthin (g astaxanthin/g extract) in the extract as a function of extraction pressure
(bar) and temperature (◦C).
3.4. Identiﬁcation of astaxanthin and other carotenoids
Thin layer chromatography is a technique widely used for sep-
arating and purifying carotenoids, due to its simplicity, ﬂexibility
and low cost. Fig. 5 shows (a) the astaxanthin standard and (b)
the organic solvent extract and numbers (1–11) are the runs made
using supercritical extraction according to Table 1. The TLC of the
carotenoid extracts from redspotted shrimp showed 6 different
bands, as follows: Rf 0.33 (orange), 0.52 (orange), 0.57 (orange),
0.69 (yellow), 0.73 (yellow) and0.78 (yellow) as shown in Fig. 5. The
orange band at Rf 0.33 corresponded to astaxanthin, as indicated by
the standard (a). The orange bands atRf 0.52 and 0.78 corresponded
to the astaxanthinmonoester and astaxanthin diester, respectively,
as quoted by theNaturose Technical Bulletin-003 [47]. Runs 3 and 7
showed low intensity bands due to the small amount of carotenoids
extracted. The results indicated that free astaxanthin, astaxanthin
monoester and astaxanthin diester were the main pigments in the
redspotted shrimp (Farfatepenaeus paulensis).
3.5. Fatty acid composition of the supercritical extractsferent extracts obtained from the redspotted shrimp (F. paulensis)
residues. Note that there are differences in fatty acid composition
in the oil of the supercritical extracts as a function of tempera-
ture and pressure. The supercritical extracts showed that the lipids
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Table 2
Fatty acid composition (percent fatty acid) in the lipids extracted from pink shrimp (Farfantepenaeus paulensis) using Soxhlet’s methodology and scCO2 under different pressures and temperatures.
Acido graxo 43 ◦C/230bar 43 ◦C/370bar 57 ◦C/230bar 57 ◦C/370bar 40 ◦C/300bar 50 ◦C/400bar 50 ◦C/200bar 60 ◦C/300bar 50 ◦C/300bar Soxa
C10:0 Capric – 0.05 – 0.04 – – – – 0.05 –
C12:0 Lauric 0.61 0.57 0.55 0.52 0.63 0.58 0.64 0.64 0.62 0.16
C14:0 Myristic 3.75 3.60 3.51 3.24 3.85 3.59 4.03 3.44 3.91 1.96
C15:0 Pentadecanoic 1.81 1.73 1.71 1.56 1.85 1.74 1.94 1.68 1.90 1.19
C16:0 Palmitic 21.8 20.6 20.5 19.0 21.7 20.1 22.2 19.7 22.0 16.1
C16:1 Palmitoleic 6.81 6.50 6.73 6.28 7.40 6.97 7.60 6.82 7.51 5.20
C17:0 Margaric 2.33 2.22 2.20 2.03 2.36 2.21 2.41 2.21 2.43 2.23
C17:1 Margaroleic 0.91 0.94 0.94 0.88 1.03 0.97 1.05 0.96 1.04 0.98
C18:0 Stearic 9.07 8.53 8.54 8.00 8.82 8.09 8.77 8.13 8.85 9.40
C18:1 Trans Elaidic 0.81 0.80 0.77 0.72 0.97 0.82 0.63 0.84 0.96 0.49
C18:1 Oleic 17.0 15.5 16.0 15.1 16.3 14.9 16.9 14.8 16.2 16.9
C18:2 Trans Linoelaidic 0.21 0.21 0.23 0.22 0.26 0.21 0.28 0.21 0.28 0.19
C18:2 Linoleic 6.15 4.35 6.52 7.72 3.14 2.18 2.27 2.09 2.24 2.00
C18:3 Trans Translinoleic 0.71 0.67 0.68 0.64 0.72 0.66 0.70 0.80 0.91 0.56
C18:3 Linolenic 4.99 3.32 5.90 7.87 1.66 0.55 0.39 0.36 0.40 0.43
C18:4 Stearidonic – 0.15 – 0.12 0.15 0.19 0.16 0.21 0.17 0.16
C20:0 Arachidic 0.78 0.82 0.76 0.72 0.82 0.81 0.83 0.79 0.87 0.70
C20:1 Gadoleic 1.21 1.18 1.15 1.07 1.25 1.16 1.26 1.16 1.26 3.25
C20:4 Arachidonic 2.14 3.38 2.58 2.96 2.37 4.18 3.26 4.40 3.31 5.81
C22:0 Behenic 0.53 0.55 0.52 – – 0.57 0.54 0.54 0.58 –
C20:5 Eicosapentanoic–EPA 3.44 6.25 4.48 5.43 6.18 8.31 5.85 8.81 5.91 11.69
C22:1 Erucic 0.27 0.16 0.17 0.17 0.19 0.17 0.20 0.15 0.25 –
C24:0 Lignoceric 0.16 0.13 0.13 0.14 0.15 0.21 0.17 0.22 0.16 0.50
C22:5 Decosapentaenoic 0.52 0.96 0.69 0.83 0.94 1.25 0.90 1.31 0.92 1.51
C22:6 Docosahexanoic–DHA 2.25 4.72 3.08 4.00 4.55 6.58 4.23 7.03 4.29 12.20
NI Not identiﬁed 11.80 12.09 11.71 10.66 12.72 13.10 12.74 12.74 13.0 6.33
Total −3 11.2 15.4 14.2 18.3 13.5 16.9 11.5 17.7 11.7 26.0
SAT (%) 40.8 38.8 38.4 35.3 40.2 37.9 41.5 37.3 41.3 32.3
UNSAT (%) 47.4 49.1 49.9 54.1 47.1 49.1 45.7 49.9 45.6 61.4
MONO (%) 27.0 25.1 25.7 24.3 27.2 24.9 27.7 24.7 27.2 26.8
POLY (%) 20.4 24.0 24.2 29.8 20.0 24.1 18.0 25.2 18.4 34.6
SAT/UNSAT 0.86 0.79 0.77 0.65 0.85 0.77 0.91 0.75 0.91 0.53
SAT/MONO 1.51 1.55 1.49 1.45 1.48 1.52 1.50 1.51 1.52 1.21
SAT/POLY 2.00 1.62 1.59 1.18 2.01 1.57 2.30 1.48 2.24 0.93
POLY/MONO 0.76 0.96 0.94 1.23 0.74 0.97 0.65 1.02 0.68 1.29
a Soxhlet’s extraction using petroleum ether AOAC 991.36 [42]; SAT, saturated; UNSAT, unsaturated; MONO, monounsaturated; POLY, polyunsaturated, , CO2 density.
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sig. 5. Thin layer chromatography of the supercritical extracts from the pink shrimp
n silica gel.
ontained approximately 40% of saturated fatty acids in its com-
osition, as against 32% in the lipids obtained by extraction with
etroleum ether in a Soxhlet’s apparatus indicating selectivity of
he scCO2 to fractionate the oil. It can be seen that an increase
n extraction pressure (increase in solvent density) resulted in a
ecrease in the content of these fatty acids in the lipids extracted,
ending towards the composition of the lipids obtained in the Soxh-
et, or decreasing the selectivity of the scCO2 in fractionating the oil.
ith respect to the polyunsaturated fatty acids an inverse behav-
or occurred, with a composition of 18–30% in the supercritical
xtracts and approx. 35% in the extract obtained in the Soxhlet.
n increase in pressure resulted in an increase in the polyunsatu-
ated fatty acid content, with a maximum of 30%, at 370 bar and
7 ◦C, tending to the composition of the oil obtained in the Soxh-
et, and again decreasing the selectivity of the scCO2 to fractionate
he oil. The effect of temperature at high pressures (370bar) on
he polyunsaturated fatty acid concentration was also important,
howing higher concentration at 57 ◦C than at 43 ◦C. The satu-
ated/unsaturated fatty acid ratio also decreases with increase in
ressure and increase in solventdensity. Theopposite behaviorwas
bserved with the polyunsaturated/monounsaturated ratio, show-
ng that in general an increase in pressure decreased the selectivity
f the CO2 for compounds with a higher degree of unsaturation.
ne way of evaluating the selectivity of scCO2 to fractionating the
ipids is to compare its composition with the composition of the
otal oil extracted with petroleum ether, since this kind of extrac-
able 3
xtraction yield in oil, composition of the fatty acids EPA and DHA in the oils of the extrac
cCO2 calculated as the separation factor ˇi .
43 ◦C/230bar 43 ◦C/370bar 57 ◦C/230bar 57 ◦C/370bar 40 ◦C/300
Yield (%) 1.91 1.93 1.74 2.01 1.97
EPA
Extract 3.44 6.25 4.48 5.43 6.18
Rafﬁnate 17.1 15.3 15.8 16.1 15.5
ˇi 0.20 0.41 0.28 0.34 0.40
DHA
Extract 2.25 4.72 3.08 4.00 4.55
Rafﬁnate 18.79 17.3 17.4 18.1 17.5
ˇi 0.12 0.27 0.18 0.22 0.26
EPA+DHA
Extract 5.69 11.0 7.56 9.43 10.7
Rafﬁnate 35.9 32.6 33.1 34.2 33.0
ˇi 0.16 0.34 0.23 0.28 0.32Fig. 6. Values for the composition of (EPA+DHA) in the supercritical extracts and
the values calculated for the rafﬁnates based on the yields and compositions.
tion represents 100% recovery, or calculate the separation factor ˇi
which indicates how many times the light phase (extract) is more
concentrated (or diluted) than the heavy phase (rafﬁnate) in terms
of each fatty acid (i) of the oil, on a CO2 free basis, which is calcu-
lated as the ratio between the contents of each fatty acid (i) in the
oil extracted and in the non-extracted oil retained in the rafﬁnate,
on a CO2 and solidmatrix free basis. Forˇi =1, this indicates no frac-
tioning or that the solvent is not selective, whereas ˇi <1 or ˇi >1
indicates selectivity, where the solute i will be enriched in the rafﬁ-
nate or in the extract, respectively. As expected, the fatty acids EPA
and DHA showed the same extraction tendencies as the polyun-
saturated fatty acids, where increases in pressure and temperature
lead to an increase on their contents in the extracted oil.
Table 3 shows the values obtained for the fatty acids EPA and
DHA in the lipids of the supercritical extracts and of those extracted
usingpetroleumether in the Soxhlet apparatus, andalso the extrac-
tion yields and the percentages calculated for EPA and DHA in the
non-extractedoil that remained in the rafﬁnate. Fig. 6 illustrates the
difference in composition between the extracted fraction (extract)
and the non-extracted fraction retained in the residue (rafﬁnate).It can be seen that the oil extracted by scCO2 had lower EPA
and DHA contents than the total oil extracted by the Soxhlet, and
the non-extracted oil showed higher contents, showing that these
could be fractionated. It can also be seen that alterations in the tem-
perature and pressure inﬂuenced the composition of these fatty
ts, calculated composition in the non-extracted rafﬁnate, and the selectivity of the
bar 50 ◦C/400bar 50 ◦C/200bar 60 ◦C/300bar 50 ◦C/300bar Soxhlet
1.74 1.92 2.01 2.21 4.83
8.31 5.85 8.81 5.91 11.7
13.6 15.6 13.8 16.6 –
0.61 0.38 0.64 0.36 –
6.58 4.23 7.03 4.29 12.2
15.4 17.5 16.0 18.9 –
0.43 0.24 0.44 0.23 –
14.9 10.1 15.8 10.2 23.9
29.0 33.1 29.7 35.5 –
0.51 0.31 0.53 0.29 –
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cids. The DHA was easier to fractionate than EPA, since the sep-
ration factors for EPA were between 0.20 and 0.64, whereas for
HA, ˇi varied between 0.12 and 0.44. Fig. 6 shows the differences
n the contents (EPA+DHA) in the scCO2 extracted oil and the oil
xtracted with petroleum ether.
Table 3 and Fig. 6 show that the oil extracted with scCO2
300bar, 50 ◦C), which represents approximately 46% of the total
xtracted by Soxhlet’s, contains an−3 fatty acid (EPA+DHA) con-
ent of approximately 10%, and that the non-extracted oil contains
little above 35%, both values are different of the 24% in the oil
xtracted with petroleum ether. This suggests the possibility of
xtracting the oil from the shrimp residue in two steps, the ﬁrst
ith scCO2 and the second with scCO2 plus a polar co-solvent (e.g.
thanol) in order to extract a second fraction richer in the−3 fatty
cids.
. Conclusions
The results indicate that redspotted shrimp (F. paulensis) con-
ains various carotenoids (mainly astaxanthin and their esters).
ith respect to the solvent extraction of lipids, the maximum efﬁ-
iency of SFE was almost 64% that of hexane extraction and 45%
hat of the Bligh and Dyer extraction. It was also found that the
ressure and temperature had only a slight effect on the yield of
ipid extracted with supercritical CO2, the results showed that the
lobal extraction yieldswere similar under the different conditions
tudied and ranging from 1.74% to 2.21%. On the other hand, the
emperature and pressure had a signiﬁcant effect on the astax-
nthin extraction yield, especially the pressure, which exhibited
great effect. The greatest amount of extract was obtained at 43 ◦C
nd 370bar, with 39% of recovery. At low pressures, an increase
n temperature resulted in a decrease in the amount of astaxan-
hin extracted. The results provided useful information about the
xtraction of carotenoids without a modiﬁer. ScCO2 was able to
ractionate the lipids and the calculated ˇi values were well differ-
nt from unity.
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